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Tooth morphogenesis requires sequential and re-
ciprocal interactions between the cranial neural
crest–derived mesenchymal cells and the stomadial
epithelium, which regulate tooth morphogenesis and
differentiation. We show how mesenchyme-derived
single stem cell populations can be induced to trans-
differentiate in vitro in a structure similar to a dental
bud. The presence of stem cells in the adipose tissue
has been previously reported. We incubated primary
cultures of human adipose tissue–derived stem cells
in a dental-inducing medium and cultured the aggre-
gates in three-dimensional conditions. Four weeks
later, cells formed a three-dimensional organized
structure similar to a dental bud. Expression of dental
tissue–related markers was tested assaying lineage-
specific mRNA and proteins by RT-PCR, immunoblot,
IHC, and physical-chemical analysis. In the induction
medium, cells were positive for ameloblastic and
odontoblastic markers as both mRNAs and proteins.
Also, cells expressed epithelial, mesenchymal, and
basement membrane markers with a positional rela-
tionship similar to the physiologic dental morpho-
genesis. Physical-chemical analysis revealed 200-nm
and 50-nm oriented hydroxyapatite crystals as dis-
played in vivo by enamel and dentin, respectively. In
conclusion, we show that adipose tissue–derived
stem cells in vitro can transdifferentiate to produce a

specific three-dimensional organization and pheno-
type resembling a dental bud even in the absence of
structural matrix or scaffold to guide the developmen-
tal process. (Am J Pathol 2011, 178:2299–2310; DOI:
10.1016/j.ajpath.2011.01.055)

In the Western world, an estimated 85% of adults need
dental treatment. By the age of 17 years, approximately 7%
of the population has lost one or more teeth. After the age of
50 years, an average of 12 teeth have been lost. This means
that there is a significant drain on health care resources.
Although tooth loss does not represent an immediate life
threat, it may decrease life expectancy, and certainly it is
responsible for a decreased quality of life.1 It is known that
synthetic materials provide dental functional repair but not
anatomical and functional structure regeneration. The cur-
rent approach comprises mainly bone-integrated metallic
dental implants, developed by many companies. Despite
the recent technical developments, such implants often still
cause many problems for the patient.

Many animals, such as fish and reptiles, regenerate
teeth a few times during their life span, whereas others,
such as rodents, have continuously growing teeth. Com-
monly, humans have their teeth replaced only once. How-
ever, it has been reported that some people have a third
generation of teeth or have a supranumeral tooth, indi-
cating the possibility that the capacity to regenerate teeth
may be present throughout life. A better knowledge of
tooth morphogenesis may provide a way to develop bet-
ter regenerative approaches to tooth replacement. Basi-
cally, tooth morphogenesis, as in other organs, consists
of sequential and reciprocal interactions between the
cranial neural crest–derived mesenchymal cells and the

Supported partially by Agenzia Spaziale Italiana through the MoMa
Project.

F.F. and S.R. contributed equally to this work.

Accepted for publication January 10, 2011.

Supplemental material for this article can be found at http://ajp.
amjpathol.org or at doi: 10.1016/j.ajpath.2011.01.055.

Address reprint requests to Francesco Curcio, M.D., Department of Pa-
thology and Experimental and Clinical Medicine, University of Udine, P.le S.

Maria della Misericordia, 33100 Udine, Italy. E-mail: curcio@uniud.it.

2299

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2011.01.055
mailto:curcio@uniud.it


2300 Ferro el al
AJP May 2011, Vol. 178, No. 5
oral epithelium, which regulate tooth morphogenesis and
differentiation. The first morphologic sign of tooth develop-
ment appears as a local thickening of the dental epithelium.
During this process, the presumptive dental epithelial cells
elongate along their apical-basal axis, change cell shape
from cuboidal to columnar, assume an apical-basal polarity
(polarization), and form a dental placode. At the bud stage,
the thickened dental epithelium proliferates and invaginates
into the subjacent mesenchyme to form the epithelial tooth
bud around which the mesenchymal cells condense. Dur-
ing these stages, the basal layer cells of the epithelial bud
maintain a columnar shape. At the cap stage, the epithelial
component undergoes specific folding, which is accompa-
nied by the formation of the enamel knot, a transient cluster
of nondividing epithelial cells. The enamel knot is therefore
considered to be a signaling center controlling the pattern
of the tooth cusps. During the subsequent bell stage, the
epithelium-derived ameloblasts and mesenchyme-derived
odontoblasts start to secrete extracellular matrix proteins
(Figure 1).2,3

As already shown, productive interactions between dif-
ferent tissues are the basic language needed for organ or

Figure 1. Stages and signaling in human teeth development. Figure shows
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tissue development. Previous experiments reported that
single-cell suspensions, dissociated from the third molar
tooth germs and seeded on biodegradable scaffolds,
formed tooth structures containing dentin, odontoblasts, a
well-defined pulp chamber, putative Hertwig’s root sheath
epithelia, and enamel organ. It has also been demonstrated
that mouse stem cells, including embryonic stem cells, neu-
ral stem cells, and bone marrow–derived stem cells, could
be reprogrammed to support tooth formation. These cells,
when aggregated and recombined with the embryonic
mouse molar epithelium, which possesses the odontogenic
potential, could respond to inductive signals from the dental
epithelium and initiate odontogenesis.4–8 It was also re-
ported that embryonic oral-derived mesenchymal cells,
which possess the odontogenic potential, recombined with
epithelial cells could respond to inductive signals from mes-
enchymal cells and initiate odontogenesis.9

These studies support the idea that the odontogenic
process can be initiated in stem cells of nondental origin
when proper odontogenic signals are provided, but the
main limiting factor of these procedures is that the mes-
enchymal or epithelial cells derived from dental buds or
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embryonic tissues are not readily available, making this
approach interesting but not practical.

We tried a different approach, seeking in vitro dental
bud regeneration using a single adult mesenchymal stem
cell population to achieve tooth regeneration, as also
proposed by Ikeda et al,10 with the intent to overcome
problems originating from the availability of dental buds.

Materials and Methods

To isolate adipose tissue–derived stem cells (ASCs), nine
raw human abdominal lipoaspirates, obtained with the
informed consent of the donors (28 to 35 years old), were
washed in PBS solution and then dissociated in Dulbec-
co’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St.
Louis, MO) containing 400 U/mL of collagenase type 2
(Wortington, Lakewood, NJ) for 15 minutes at 37°C. Sam-
ples were centrifuged for 15 minutes at 1,800 � g, then
pellets were resuspended and filtered through a 70-�m
pore-sized membrane. Filtered cells were plated into
100-mm dishes (2 � 106 cells per dish) in proliferation
medium, derived from Gronthos et al,11 composed of
F-12 Coon’s and Ambesi’s modified medium (Gibco-In-
vitrogen, Carlsbad, CA), Medium-199, and CMRL-1066
media (Sigma) supplemented with 1.25% type 0 human
serum, 25 ng/mL of platelet-derived growth factor-bb, 25
ng/mL of epidermal growth factor, 25 ng/mL of insulin-like
growth factor 1, 25 ng/mL of fibroblast growth factor-b
(FGF-b; all from Immunotools, Friesoythe, Germany),
10�9 mol/L dexamethasone (MP Biomedicals, Solon,
OH), 90 �g/L of linoleic acid (Sigma), 25 mg/L of ascorbic
acid (Sigma), and 25 �g/mL of gentamicin (Gibco). Col-
onies developed in primary culture and reached near
confluency in approximately 1 week. ASCs were main-
tained semiconfluent to prevent cell differentiation, and
approximately 80% of the medium was replaced every 3
days. Primary human bone marrow mesenchymal stem
cells (MSCs) and dental pulp stem cells (DPSCs) were
obtained as described by Ferro et al.12 Human bone MSCs
were obtained by flushing the femur head content through a
26-gauge needle. Flushed cells were diluted in Hanks’ bal-
anced salt solution (Sigma), layered on top of Ficoll (Amer-
sham), and centrifuged. Finally, buffy coat was washed
twice with Hanks’ balanced salt solution and subjected to
immunodepletion using RosetteSep (Stemcells Technolo-
gies, Vancouver, British Columbia).13,14 Then 1.5 � 106 of
freshly isolated cells, derived from primary culture, were
plated in 100-mm dishes (BD Falcon, San Jose, CA). Dental
pulps were extracted from human deciduous teeth of 5- to
7-year-old children (with parents’ permission) using a sy-
ringe needle and were transferred to 35-mm Petri dishes
(BD Falcon); human DPSC colonies developed in primary
culture and usually reached confluence approximately 2
weeks later; both MSCs and DPSCs were made to prolifer-
ate in the same medium used for ASCs.

Human supranumeral teeth buds were isolated follow-
ing the same methods used for DPSCs; were cultured in
DMEM/F-12 (Gibco) containing 20% fetal bovine serum
supplemented with 0.18 mg/mL of ascorbic acid (Sigma),

2 mmol/L L-glutamine (Sigma), and 50 U/mL of penicillin/
streptomycin (Gibco)8; and were used as amelo-odonto-
blastic positive control cells. Human primary thyroid cells,
used as negative controls in RT-PCR and immunoblot,
were cultured according to the method of Curcio et al.15

Human embryonic carcinoma stem cells (Ntera2), used
as a positive control for embryonic stem cell markers as
suggested by Liedtke et al,16 were cultured in DMEM
(Gibco), supplemented with 4.5 g/L of glucose, 4 mmol/L
L-glutamine, 10% fetal bovine serum, and 50 U/mL of
penicillin/streptomycin (Gibco).17

FACS Analysis

Fluorescence activated cell sorter (FACS) analysis was
performed on noninduced passage 3 (P3) ASCs previ-
ously detached by a short incubation in 22 U/mL of col-
lagenase type 2 and 0.5 U/mL of trypsin (Sigma). De-
tached cells were washed in ice-cold blocking buffer,
Minimum Essential Medium (MEM)/HEPES plus 2% bo-
vine serum albumin (BSA), and incubated for 30 minutes
on ice in blocking buffer containing conjugated cluster
differentiation primary antibodies [fluorescein isothiocya-
nate (FITC) or phycoerythrin-thanolamine conjugated]
against CD10 (332775), CD13 (3474406), CD29 (556049),
CD34 (345801), CD44 (347943), CD45 (345808), CD49a
(559596), CD49d (555503), CD59 (555764), CD73
(550257), CD90 (555596), CD117 (332785) (all from BD,
San Jose, CA), CD66e (MCA1744F; Serotec, Raleigh, NC),
CD105 (MCA1557PE; Serotec), CD133 (Miltenyi Biotec
30-080-801; Bergisch, Gladbach, Germany), KDR
(FAB357P; R&D Systems, Minneapolis, MN), and vascular
endothelial cadherin (SC9989; Santa Cruz, Santa Cruz,
CA), each one used at a concentration of 0.1 �g per 1 �
106 cells. Isotype-matched conjugated antibodies were
used as negative controls. Data (20,000 events) were
collected from three independent experiments using a
FACS-Calibur (BD) and were expressed as mean � SD.

Immunofluorescence

Undifferentiated and differentiated P3 ASCs and positive
and negative control cells were washed with PBS, fixed
using 4% paraformaldehyde in PBS for 20 minutes at
room temperature, and quenched in Tris-buffered saline
(TBS) 0.2% glycine in agitation for 10 minutes. Intracel-
lular staining was performed by incubating cells with
0.25% Triton X-100 (Sigma) for 10 minutes at room tem-
perature and blocking in TBS 5% BSA for 30 minutes.
Primary antibodies against Nanog (Ab21603, diluted
1:125) and Oct4A (Ab18976, diluted 1:200) (all from Ab-
cam, Cambridge, MA) were diluted in TBS containing
1.5% BSA and 0.2% Tween 20 and were incubated over-
night at 4°C. Secondary antibody, anti-rabbit IgG FITC
conjugated (F9887, diluted 1:400; Sigma), was incubated
1 hour at room temperature, and nuclear counterstaining
was performed using DAPI (Pierce, Rockford, IL) diluted
in Vectashield (Vector Laboratories, Burlingame, CA). Im-
age acquisition was performed by a Leica DMI 6000B
microscope connected to a Leica DFC350FX camera

(Leica, Milan, Italy). Adobe Photoshop software was used
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to compose and overlay the images and to adjust con-
trast (Adobe, San Jose, CA).

Dental Bud Differentiation

Approximately 30 � 106 P3 ASCs were mechanically
detached (scraped) and centrifuged at 10,000 � g in
50-mL tubes. Pellets were then transferred to 100-mm
dishes, overlayered by 2% agarose diluted 1/1 in differ-
entiation medium, to form a three-dimensional structure
(aggregates).

To induce differentiation, ASC aggregates were cul-
tured in BJG medium (Gibco) additioned with 6.5% Me-
dium-199 (Sigma) and supplemented with 1 ng/mL of
FGF-4, 0.5 mmol/L �-glycerophosphate, 3.3 mg/L of
ascorbic acid 3-phosphate, 0.3 mmol/L CaCl2, 17.6
ng/mL of bone morphogenetic protein (BMP) 5, 1.9
ng/mL of 1-25-hydroxy-D3 vitamin, 0.12 �g/mL of fi-
bronectin, 0.5 nmol/L calcitonin (all from Sigma), 5 ng/mL
of insulin-like growth factor 2, 12.5 ng/mL of BMP-2, 1.5
ng/mL of transforming growth factor-�1, 2 ng/mL of
BMP-4, 2.2 ng/mL of vascular endothelial growth factor
(all from Peprotech, London, England), 25 �g/mL of gen-
tamicin (Gibco), and 2.5% human type 0 serum obtained
from healthy volunteers with permission. To demonstrate
physical-chemical hydroxyapatite (HA) nanocrystal differ-
ential characteristics, 5 � 106 P4 DPSCs and MSCs were
allowed to aggregate by the same methods used for ASCs
in the presence of the osteoblastic medium. Dental differ-
entiation experiments were repeated three times and inves-
tigated after 1 month by molecular characterization.

Osteoblastic Differentiation

To demonstrate chemical-physical HA nanocrystal differ-
ential characteristics, 5 � 106 P4 DPSCs and MSCs were
allowed to aggregate by the same methods used for ASC
dental induction in the presence of the following osteo-
blastic media, developed as already described by Bel-
trami et al18 and D’Ippolito et al19 with some modifica-
tions: F-12 Coon’s and Ambesi’s modified medium with
100 nmol/L dexamethasone, 250 nmol/L retinoic acid, 1
�mol/L 17-�-estrogen, 1 nmol/L calcitonin (all from MP
Biomedicals), 1 mmol/L �-glycerophosphate, 1.2 mmol/L
CaCl2, 0.6 mmol/L MgCl2, 2 g/L of glucose, 1 �mol/L K2

vitamin, 5 nmol/L 1-25-hydroxy-D3 vitamin (all from
Sigma), 0.5% type 0 human serum, and 15 ng/mL of
BMP-2 (Immunotools). Dental and osteoblastic differentia-
tions were performed in a 5% CO2 incubator at 37°C, and
medium was exchanged twice a week. Dental differentia-
tion was detected after 1 month by molecular characteriza-
tion, whereas 3-month dental-induced ASC aggregates and
osteoblastic-induced DPSC and MSC aggregates were
subjected to physical-chemical analysis.

RT-PCR

To demonstrate the presence of stem- and dental-related
markers, we used specific primers to detect Oct4 isoform
A, Nanog, amelogenin, ameloblastin, enamelin, and den-

tin sialoprotein (DSP) in proliferating ASCs, 1-month dif-
ferentiated ASC aggregates, and positive and negative
control cells. Total RNA was extracted from P3 samples
using TRIzol (Gibco) as previously described20; total
RNA samples were then quantified by spectrophotome-
ter. After DNase I (Ambion, Carlsbad, CA) treatment, first
strand cDNA synthesis was performed with 1 �g of total
RNA using random hexanucleotides and M-MLV reverse
transcriptase (Invitrogen). PCR amplification was per-
formed in a final volume of 50 �L, using 100 ng of cDNA, 10
mmol/L Tris-HCl (pH 9.0), 1.5 mmol/L MgCl2, 0.2 mmol/L
dNTPs, 50 pmol of each primer, and 2 U/�L of TaqI polymer-
ase (Amersham, Piscataway, NJ). Primer sequences, PCR
product sizes, annealing temperatures, and gene bank acces-
sion numbers are as follows: Oct4 isoform A, 5=-GTGGAG-
AGCAACTCCGATG-3=, 5=-TGCAGAGCTTTGATGTCCTG-3=,
121 bp, 56°C, NM002701.4; Nanog, 5=-ATGCCTCACACG-
GAGACTGT-3=, 5=-AGGGCTGTCCTGAATAAGCA-3=, 66 bp,
56°C, NM_024865; amelogenin, 5=-GAAATGGGGACCTG-
GATTTTA-3=, 5=-TGTTGGATTGGAGTCATGGAG-3=, isoform
3, 385 bp, isoform 2, 295 bp, isoform 1, 343 bp, 54°C,
NM_182680.1, NM_182681.1, NM_001142.2; ameloblastin,
5=-TCAAAATGAAGGACCTGATAC-3=, 5=-GAGTTTCAT-
GTTCTCTTGGCCTC-3=, 263bp, 56°C, NM_016519.4;
Enam, 5=-ACAACCACCATGGCAAATTC-3=, 5=-ATTG-
GTGGGCGTCCATAAC-3=, 59bp, 54°C, NM_031889.2;
DSP, 5=-GCATTTGGGCAGTAGCATGG-3=, 5=-CTTTTC-
CTGTGTCCCCATTCC-3=, 324bp, 53°C, NM_014208.3;
�-actin, 5=-GCACTCTTCCAGCCTTCCTTCCTG-3=, 5=-
GGAGTACTTGCGCTCAGGAGGAGC-3=, 253 bp, 56°C,
NM_001101.3. The reaction products were visualized on
ethidium bromide–stained 1% to 2% agarose gels. Im-
ages were collected using Gel-Doc 2000 (Bio-Rad, Her-
cules, CA), and �-actin was used as the normalizer.

Immunoblot

Whole cell extracts for positive and negative controls and
proliferating and dental-induced ASCs were prepared by
using lysis buffer [25 mmol/L HEPES (pH 7.6) 0.3 mol/L
NaCl, 1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 0.5% Nonidet
P40, 0.5 mmol/L dithiothreitol, 1� protease inhibitor, 1
mmol/L NaF, and 1 mmol/L Na ortovanadate, all from
Sigma] as described by Ferro et al.12 Samples protein
content was quantified by BCA protein assay reagent kit
(Pierce) and the program Labsystems genesis V2.16. A
total of 20 �g of the total protein extracts of each sample
were separated by SDS–polyacrylamide gel electropho-
resis. After protein transfer onto nitrocellulose (Schleicher
& Schuell, Keene, NH), blots were blocked in TBS with
5% BSA and 0.5% Tween 20, then reacted with primary
antibodies against: amelogenin (SC32892, diluted
1:2000), ameloblastin (SC32892, diluted 1:300), enam-
elin (SC33107, diluted 1:300), and DSP (SC33586, di-
luted 1:1500) (all from Santa Cruz), whereas anti–�-tubu-
lin (T9026, diluted 1:5000; Sigma) antibody was used to
demonstrate equal protein loading. Secondary antibod-
ies, anti-mouse (32430, diluted 1:4000; Pierce), anti-rab-
bit (32460, diluted 1:5000; Pierce), anti-goat (A5420, di-
luted 1:100,000; Sigma), were incubated in TBS plus 5%

BSA and 1% Tween 20 at room temperature for 1 hour.
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Antibody/antigen complexes were detected using an
electrochemiluminesce reagent (Amersham).

Immunohistochemistry

Aggregates were rinsed in PBS and fixed in buffered
formalin for 2 hours, then were included in paraffin and
sectioned (at 5 �m). Representative sections were
stained using hematoxylin-eosin (Sigma) to evaluate
three-dimensional morphology of aggregates. Sections
were deparaffinized and incubated with 3% (v/v) hydro-
gen peroxide in methanol. Rehydrated sections were
subjected to epitope recovering in citrate buffer at 95°C
for 30 minutes. Once room temperature was reached,
slides were washed in TBS and nonspecific immunoglob-
ulin binding was blocked by 5% (v/v) BSA in TBS for 35
minutes at room temperature. Sections were incubated
overnight at 4°C with the following primary antibodies:
anti-ameloblastin (diluted 1:60), amelogenin (diluted
1:150), enamelin (diluted 1:50), DSP (diluted 1:250), ma-
trix metalloproteinase (MMP) 20 (M5934, diluted 1:200;
Sigma), MMP-2 (Ms806-P0, diluted 1:50) (Neomarkers,
Thermo Fisher Scientific, Fremont, CA), �1-integrin
(SC9970, diluted 1:40; Santa Cruz), collagen type 3
(SC271249, diluted 1:100; Santa Cruz), collagen type 4
(M-0785, diluted 1:100; DakoCytomation, Glostrup, Den-
mark), cytokeratin (CK) 19 (SC6278, diluted 1:50; Santa
Cruz), Ck-14 (Ab9220, diluted 1:50; Abcam), Ck-13
(MUC255-UC, diluted 1:10; Biogenex, San Ramon, CA),
N-cadherin (N-cad; 33–3900, diluted 1:40; Zymed, Carls-
bad, CA), and E-cadherin (E-cad; MAB-3199Z, diluted
1:200; Chemicon, Temecula, CA). Immunohistochemical
reaction was performed with labeled streptavidin biotin
(LSAB), horseradish peroxidase staining kit (Dako), incu-
bating dental-induced aggregates, and negative control
sections for 20 minutes at room temperature with universal
biotinylated link immunoglobulin and for 20 minutes with
diluted streptavidin-conjugated reagent. Reaction was de-
veloped with diaminobenzidine chromogen substrate for a
variable time, 1 to 5 minutes. The specimens were counter-
stained with hematoxylin, dehydrated, and examined by
light microscopy. Human ventricular heart tissue was used
as negative control.

Preparation for Biochemical and Biophysical
Analysis

Before biochemical and biophysical analysis, 3-month in-
duced samples and dental and osteo-induced aggregates
were washed three times in distilled water for 5 minutes and
were dehydrated in heater for 2 days at 37°C.

X-Ray Diffraction

X-ray diffraction (XRD) patterns were collected using a
PanAnalytical X’Pert Pro equipped with X’Celerator de-
tector powder diffractometer (PANalytical, Almelo, the
Netherlands) using Cu K� radiation (� � 1.5418 Å) gen-
erated at 40 kV and 40 mA. The instrument was config-

ured with a 1/4° divergence and 1/4° antiscattering slits.
A standard quartz sample holder 1 mm deep, 20 mm high,
and 15 mm wide was used. The diffraction patterns were
collected within the 2� range from 10° to 85° with a step size
(�2�) of 0.02° and a counting time of 60 seconds.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) observations were
performed using a Philips CM 100 instrument (80 kV). The
powdered samples were dispersed in water, and then a few
droplets of the slurry were deposited on holey-carbon foils
supported on conventional copper microgrids. The images
were recorded using a CCD digital camera.

Statistical Analysis

Statistical analysis was performed by Student’s t-test.
Data from experiments are expressed as mean � SD of
three independent experiments.

Results

ASCs were isolated from human adipose tissue lipoaspi-
rates without selection by immuno or chemical depletion.
Cells were then seeded in a 100-mm culture plate, with-
out an extracellular matrix substrate. Cells proliferated in
proliferation medium containing 1.25% type 0 human se-
rum. The isolated ASC population expressed high levels
for each of the following mesenchymal stem cell mark-
ers18,21–23: CD10 (74% � 2.5%), CD13 (99% � 1%),
CD29 (98% � 2%), CD44 (97% � 2.5%), CD49a (20% �
3%), CD49d (99% � 1%), CD59 (99% � 1%), CD73
(99% � 1%), CD90 (99% � 1%), and CD105 (99% �
1%), while exhibiting low expression levels for the follow-
ing: CD34 (1% � 0.7%), CD45 (0.3% � 0.1%), CD66e
(1.8% � 0.6%), CD117 (0.5% � 0.5%), CD133 (0.25% �
0.2%), KDR (0.6% � 0.3%), and vascular endothelial
cadherin (0.2% � 0.1%) (Figure 2A); moreover, prolif-
erating ASCs highly expressed Oct-4 isoform A, Nanog
mRNAs, and proteins, showing that no significant dif-
ferences among different individuals may be because
age difference was small, supporting the hypothesis
that these cells may have stemness properties (Figures
2, B–F).16,21–23

During the first 2 weeks of differentiation, spherical
ASC aggregates underwent compaction, due to cell-cell
interaction and extracellular matrix production, then pe-
ripheral tips started to enlarge as seen in the video (see
Supplemental Video S1 at http://ajp.amjpathol.org). After
1 month, dental-induced ASC aggregates were sec-
tioned and stained by hematoxylin-eosin. Hematoxylin-
eosin clearly evidenced a three-layered aggregate mor-
phology composed of i) an outer layer, which consisted
of flattened cells with scanty cytoplasm, all around the
aggregate; ii) an intermediate layer also all around the
aggregate: this layer was not uniform consisting of elon-
gated cells, which regionally increased its thickening by
the effect of cell polarization, and polarized elongated
cells became perpendicular to the other layers and ap-

peared dispersed in an abundant extracellular matrix;

http://ajp.amjpathol.org
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and finally iii) an inner layer composed of small cells with
scanty cytoplasm with no preferential orientation (Figures
3, A and B). The model of invagination followed by a
three-dimensional specific organization is supported
by the observation that shorter time dental-induced
ASC aggregates (2 weeks) showed only a bilayered
three-dimensional structure, missing the intermediate
polarized layer (see Supplemental Figure S1A at http://
ajp.amjpathol.org).

The analysis of transcripts and proteins expressed by
the developing aggregates was used to investigate cell
differentiation progression. We evaluated the expression
of ameloblastic proteins such as ameloblastin, expressed
at high levels by ameloblasts and at low levels by odon-
toblasts and preodontoblasts24–26; enamelin, which rep-
resents only 1% of enamel matrix proteins27; amelogenin,
the most abundant enamel protein representing 90% of
total organic enamel matrix27,28; and MMP-20, involved in
amelogenin and enamelin processing.29,30 Morotomi et
al26 suggested that ameloblastin is more specific than
other markers (ie, amelogenin and enamelin) for identify-
ing the differentiated ameloblastic phenotype. Sequenc-
ing of RT-PCR amplification product evidenced amelo-
blastin mRNA de novo expression after differentiation
induction (Figure 3C), and moreover 65-kDa native
ameloblastin and proteolytic fragments were detected by
immunoblotting (Figure 3D). Our results showed that
ameloblastin was highly expressed in both the outer and
intermediate layers, and there was a high degree of su-
pranuclear positivity31 (Figure 3, E and F). IHC for amelo-
blastin performed on sections derived from dental-in-
duced ASCs evidenced a higher cytoplasmic signal
between the intermediate and inner layers but also that
these proteins were expressed in a filamentous arrange-
ment in the inner-layer extracellular matrix (Figure 3G).

After 2 weeks, ameloblastin was expressed mainly by
the outer layer (see Supplemental Figure S1, B and C, at
http://ajp.amjpathol.org). RT-PCR on differentiated ASCs
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Figure 2. ASC characterization. A: ASC FACS analysis. Plots show isotype co
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showed enamelin expression only after dental induction
(Figure 3C); enamelin amplicon was confirmed by DNA
sequence analysis. A 186-kDa enamelin band,32 corre-
sponding to posttranslational modified protein, was
seen by immunoblotting only in induced ASC and pos-
itive control cells (Figure 3D). The weak band intensity
was attributable to low protein expression because
enamelin represents only 1% of enamel matrix proteins.27

IHC for enamelin performed on sections derived from
dentally induced ASCs showed a higher cytoplasmic sig-
nal between the intermediate and inner layer concen-
trated in ameloblasts and odontoblasts. At the same time,
as previously shown for ameloblastin, enamelin was ex-
pressed in the inner-layer extracellular matrix and ar-
ranged in filaments32 (Figure 3, H–J). ASCs induced for a
shorter time (2 weeks) showed a faint diffuse signal for
enamelin over the whole section, without specific local-
ization (see Supplemental Figure S1, D and E, at http://
ajp.amjpathol.org). RT-PCR on ASCs showed amelogenin
isoform 1, missing the exon 4 (343 bp),33 expression in
both proliferating and differentiating cells; type 2 isoform,
missing exons 3 to 4 (295 bp),33 was instead expressed
only after dental induction (Figure 3C); cDNA identities
were positively confirmed by sequencing. The longest
isoform type 3 (385 bp)33 was not expressed by our cells
(Figure 3C).

Amelogenin is secreted as a 189aa protein isoform 3
(20.7 kDa) but also as isoform 1, present in approximately
80% of total amelogenin, secreted as a native protein of
175aa (19.250 kDa), and isoform 2, approximately 19%,
composed of 159aa (17.490 kDa).27,33,34 Immunoblot for
differentiated ASCs showed amelogenin expression in
both proliferating and differentiating cells, but, although
during proliferation the band was single (isoform 1), after
induction there were two less intense bands, one with
the same mol. wt. as seen in proliferating cells and the
other with lower mol. wt. (isoform 2) (Figure 3D). IHC for
amelogenin on differentiated ASCs showed a diffuse cy-
toplasmic signal, in particular supranuclear. Moreover,
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termediate and inner layers (Figures 4, A and B). Two-
week induced ASCs did not show any amelogenin signal
(see Supplemental Figure S1, F and G, at http://ajp.
amjpathol.org).

IHC showed MMP-20 expression in ASC cells. Positiv-
ity was mainly cytosolic and supranuclear in the outer
layer30; on the contrary faint extracellular localization was
detected in the inner layer (Figures 4, C and D). After two
weeks, MMP-20 was expressed mainly in the outer layer
(see Supplemental Figure S1, H and I, at http://ajp.
amjpathol.org). DSP is mainly expressed in dentin, ac-
counting for 5% to 8% of the noncollagenous protein
content.35 DSP expression in differentiated ASCs corre-
lates with ameloblastic (amelogenin, ameloblastin, and
enamelin) marker localization between outer and inner
layers but more specifically is mainly expressed in the
lower intermediate layer (Figure 4, E and F). On the con-
trary, DSP was expressed over the whole section after 2
weeks (see Supplemental Figure S1, J and K, at http://
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Figure 3. Similar dental bud morphology and expression and localization of am
three-layered organization obtained after ASC aggregates were cultured for 1 month
DSP PCR and immunoblot expression comparison in proliferating, induced, and
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stained with hematoxylin. Scale bars: 300 (A and H), 150 (B and E), 50
ajp.amjpathol.org). DSP mRNA was expressed in both
proliferation and differentiation in ASCs as shown by RT-
PCR (Figure 3C), but we found that the protein was ex-
pressed only after dental induction as demonstrated by
immunoblotting (Figure 3D).

The intermediate filament Ck-13 is a protein expressed
in tooth tissue but not in bone tissue; in fact, it is usually
expressed in the stratified epithelia that line the oral cav-
ity.36 IHC for Ck-13 expression analysis revealed diffuse
signal over the whole section with an extracellular distri-
bution in the outer similar epithelial layer, mainly intracel-
lular in the polarized intermediate layer and supranuclear
in the inner layer (Figure 5, A and B). After 2 weeks, Ck-13
was expressed mainly in the inner layer with supranu-
clear localization (see Supplemental Figure S2A at http://
ajp.amjpathol.org).

Ck14 is expressed only in the dental epithelium and
not in the mesenchyme of the tooth germ or in any of the
surrounding tissues in the mandible.37 After ASC induc-
tion, Ck-14 expression was negative in the inner layer and
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was cytoplasmic and supranuclear (Figure 5, C and D).
Two-week induced ASCs expressed Ck-14 only in the
outer layer (see Supplemental Figure S2B at http://ajp.
amjpathol.org).

We also used IHC to evaluate Ck-19 expression, which
represents another epithelial marker involved in tooth
morphogenesis.38 In our experiments, Ck19 was faintly
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Figure 4. Other amelo-odontoblastic marker expression and localization. A
strong immunoreaction to amelogenin (A and B), MMP-20 (C and D), and
DSP (E and F) is observed in tall columnar cells in the intermediate layer of
1-month dental-induced aggregates. Nuclei were counterstained with hema-
toxylin. Scale bars: 300 (A and C), 150 (E), and 75 �m (B, D, and F).
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Sc
expressed and mainly concentrated in the outer and in-
termediate layers (Figure 5, E and F). Moreover, it was not
expressed in two-week induced ASC aggregates (see
Supplemental Figure S2C at http://ajp.amjpathol.org). In
induced ASCs, E-cad was specifically expressed by the
intermediate to the internal layer (Figure 5, G and H),
whereas N-cad was mainly expressed in the intermediate
layer (Figure 5, I and J), showing specific coexpression
with the E-cad zone. Shorter time induced ASC aggre-
gates expressed E-cad over the whole section but mainly
in the outer layer, whereas N-cad was not expressed (see
Supplemental Figure S2, D and E, at http://ajp.amjpathol.
org).

In our experiments, collagen type 4 was specifically
expressed in the lower intermediate layer and in the up-
per layer (Figures 6, A and B), and MMP-2 faint expres-
sion was mainly localized in the outer and intermediate
layers, as shown by IHC (Figure 6, C and D).

Two-week induced aggregates showed collagen type 4
expression in a tight zone between inner and outer layers
(see Supplemental Figure S2F at http://ajp.amjpathol.org),
and MMP-2 was not expressed (see Supplemental Figure
S2G at http://ajp.amjpathol.org).

We also analyzed the expression of mesenchymal
markers involved in tooth morphogenesis such as �1-
integrin (CD29), which is expressed in basement mem-
brane areas and in mesenchymal cells throughout bud to
cap stages of dental development39 and collagen type 3.
Both have been used to identify the dental mesenchymal
derivative dental papilla.40 �1-integrin was greatly ex-
pressed from the inner layer to the polarized intermediate
layer, as shown in induced ASC aggregates by IHC (Fig-
ure 6, E and F).

IHC also demonstrated that collagen 3 expression was
mainly extracellular in the inner layer, but both intracellu-
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ner and intermediate layers (G and H). N-cad is mainly expressed in the
termediate layer and partially overlaps with E-cad in 1-month dental-in-
uced aggregates (I and J). Nuclei were counterstained with hematoxylin.
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lar and extracellular low expression was present in the
intermediate layer.

Interestingly, in the inner layer collagen 3 formed fibers
arranged in a parallel bundles (Figure 6, G and H) as
previously reported for ameloblastin and enamelin. Two-
week aggregates confirm �1-integrin and collagen 3 ex-
pression in the inner layer (see Supplemental Figure S2,
H and I, at http://ajp.amjpathol.org).

To test HA formation, 3-month dental-induced ASC ag-
gregates were ground before the analysis and were sub-
jected to XRD. In Figure 7A, we reported the XRD pattern of
3-month ASC dental-induced aggregates (blue), 3-month
human DPSCs (violet), and bone marrow–derived stem cell
(green) osteo-induced aggregates. The XRD pattern shows
the typical diffraction peaks of HA around 25.8° and 32° of
2� and sodium chloride at 27.3° and 31.6° of 2� (Figure
7A).41,42 No additional reflections due to other phases or HA
precursors, such as octacalcium phosphate, were ob-
served. Natural bioapatite texture is responsible for the in-
creased intensity of the 25.8° lines for planar oriented spec-
imens with the analyzed surface perpendicular to the longer
bone axis. Thus, an analysis of the (002) lines is feasible
because the c-axis of bioapatite crystals has a strongly
preferred orientation in the direction parallel to the bone
axis.43,44 Dental-induced ASC diffraction patterns generally
showed more evident reflections then osteo-induced sam-
ples, and the intensity of the reflection at 25.8° clearly in-
creased its intensity moving from the DPSC to the ASC
samples after induction.

Aggregates were analyzed by TEM. Images have been
reported in Figure 7, B and C. The mineral phase in
induced ASC aggregates shows that aggregates com-
prise elongated platelike crystals with two distinct pat-
terns. In Figure 7B, crystals are approximately 50 nm long
and strongly associated but do not show any clear
edges, and the shape of the crystal units forming the
aggregate is not clear. In Figure 7C, crystals are longer
(approximately 200 nm), are strongly associated, and
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Figure 6. Basement membrane and mesenchymal marker localization. Co
between the intermediate and inner layers (A and B). MMP-2 (C and D), a p
mainly expressed in the outer and inner layers. Expression of the mesenchym
dental-induced aggregates (E–H). Nuclei were counterstained with hematox
also have well-defined edges and preferential orientation.
Discussion

In this study, we used selective culture conditions to
isolate an ASC population as confirmed by the molecular
characterization. ASCs were then used to test their stem-
ness in vitro. To this purpose, in the present study we
examined whether an aggregated mesenchyme-derived
ASC, maintained in dental-inducing medium in the ab-
sence of synthetic scaffolds, was able to differentiate into
a similar three-dimensional dental bud structure.

One-month induced ASC aggregates showed that fine
three-dimensional organization, cell morphology, and spa-
tial orientation were different starting from the outer to the
inner layer, evidencing stronger cell positional specification
when compared with two-week induced ASCs. Outer layer
spatial orientation resembled that of a multilayered epithelial
tissue, according to stratified oral epithelial tissue.

Assays results confirmed the presence and localiza-
tion of specific Cks (13, 14, and 19), mainly between the
outer and intermediate layers, supporting the presence of
a layer expressing mainly epithelial markers. During
enamel organ morphogenesis, the expressed Cks do not
show differences related to a specific stage of differenti-
ation, except for Ck-14, which is substituted by Ck-19 in
the enamel epithelium.38 Coexpression of Ck-14 and
Ck-19 in induced ASCs may suggest that they could be in
an intermediate phase between the bud to cap stage.

In our experiments, after 1-month induction an inter-
mediate cell layer mass invaginated into the underlying
inner layer and became polarized as a specific result of
cellular rearrangements. The intermediate layer was
composed of thickened regions containing lengthened
polarized cells in active secretion. Such three-dimen-
sional morphology reminds the enamel knots, the struc-
tural regions directing cusp formation during dental mor-
phogenesis.2 An important characteristic of dental cells is
the polarity of odontoblasts, ameloblasts, and cemento-
blasts. These cells secrete their extracellular matrix proteins
starting from a common basement membrane, indentified
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tion. Such cellular rearrangement is achieved by basement
membrane contraction and is mediated by binding to cell
surface receptors.45 Invasion has been suggested to in-
volve the interaction among the basement membrane, pro-
teolysis, and integrins.46,47 MMP proteolytic remodeling48,49

not only removes the basement membrane but also pro-
vides a promigratory microenvironment.47,50

Type 4 collagen is present in the dental basement mem-
brane during the bud to cap stage of tooth development but

Figure 7. Physical-chemical HA nanocrystal evidence. A: XRD pattern of
3-month ASC dental-induced aggregates (blue), 3-month human DPSC aggre-
gates (violet), and human bone marrow–derived stem cell (green) osteo-in-
duced aggregates. XRD shows HA typical diffraction peaks. Relative intensity
suggests a preferential orientation of crystalline units in ASC dental-induced
aggregates compared with osteo-induced random aggregates. The (002)
diffraction peak of HA is diagnostic of orientation. Asterisks mark diffraction
peaks due to the presence of sodium chloride. TEM analysis shows two
distinct pattern of HA crystals: 50 nm (B) and 200 nm (C), as in bone-dentin
and enamel, respectively. Scale bars: 50 and 200 nm.
disappears at later stages because of the MMP action51,52;
one of these proteinases is gelatinase A (MMP-2), whose
expression has been correlated with collagen 4 and extra-
cellular matrix degradation during the early stages of tooth
development and specifically when epithelial cells migrate
into the underlying mesenchyme, inducing and maintaining
cell polarity and differentiation.49,53,54 In our experiments,
type 4 collagen was expressed only in the inner half of the
intermediate layer and seemed to demarcate the future
dentin enamel junction. At the same time, MMP-2, which is
involved in type 4 collagen degradation, is coexpressed
with type 4 collagen, correlating with the presence of a
basement membrane under rearrangement, which modu-
lates dental morphogenesis.54

Ameloblastic and odontoblastic markers are highly ex-
pressed in the intermediate inner layers.

During tooth development, E-cad is initially expressed in the
dental epithelial cells until it reaches cap stage and then dis-
appears, which contrasts with the missing expression in mes-
enchymally derived odontoblasts; on the contrary, N-cad is
expressed only in epithelium-derived ameloblasts.55,56

Moreover, the concomitant N-cad expression, which
according to Heymann et al56 is important for enamel-
dentin matrix secretion, confirms the presence of an ac-
tive secretion layer in our sample.

Also, specific colocalization of E-cad and N-cad represents
evidence of cell polarization and differentiation, as confirmed
by Heymann et al,56 during in vivo tooth development for both
the ameloblastic and odontoblastic phenotypes.

We did not find significant differences between amelo-
odontoblastic marker localization. These specific markers
are expressed by the elongated polarized cells and reach
higher levels in the regions marked by the type 4 collagen,
E-cad, and N-cad expression. Although there is no specific
marker that identifies ameloblasts, recent results by IHC on
developing tooth sections by Morotomi et al26 suggest that
ameloblastin may be a useful marker to detect the amelo-
blastic phenotype. Cells in the intermediate layer expressed
ameloblastin, supporting the possibility of ASC ameloblastic
differentiation as also confirmed by type 2 isoform ameloge-
nin cell-specific expression after differentiation as shown by
Iacob et al.33

IHC showed higher cytoplasmic signals of ameloblas-
tin and enamelin between the intermediate and inner
layers. These proteins showed a filamentous arrange-
ment in the inner-layer extracellular matrix, suggesting
the presence of the cleavage products at the rod and
interrod regions of the enamel and dentin matrix, as
shown by Hu et al.32

It has been reported that amelogenin binds to Ck-14
and Ck-5 in supranuclear cytoplasm to be properly
folded57–59 and that MMP-20 is necessary for amelogenin
and enamelin processing.29,30 These evidences could ex-
plain the supranuclear MMP-20, Ck-14, amelogenin,
and enamelin coexpression in induced ASC aggregate
intermediate layer.

The inner layer is supposed to possess a mesen-
chyme-derived phenotype, which is not organized and
consists of small, nonoriented cells. This hypothesis is
suggested by Salmivirta et al,39 who evidenced �1-integ-
rin expression during dental development mainly in mes-

enchyme-derived cells.
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After ASC induction, �1-integrin (CD29) is uniformly
and specifically expressed in the inner layer of the ag-
gregates.

Abrahão et al40 demonstrated that type 3 collagen is a
regular component of the papillae connective tissue, ap-
pearing as fibers arranged in parallel. Our experiments
showed a similar type 3 collagen expression pattern only
in the inner layer.

Bones and teeth are characterized by different HA
crystal structure, composition, morphology, size, and ori-
entation. In bone and dentin, HA crystals represent 50%
to 70% of the mass, are nanometer size, and are scat-
tered in the organic matrix with an average length of 50
nm. Dental enamel has a much larger inorganic content,
up to 90%, and is formed by strongly polarized prismatic
crystals of larger dimensions, about 200 nm in
length.41,42,60,61 Induced ASC aggregates produce spa-
tially oriented HA nanocrystals with variable length, ap-
proximately 200 nm, as in enamel, but also approximately
50 nm as in bone and dentin, as shown by XRD and TEM.
Dental induction not only increased the HA crystallinity
but also varied length and morphologic features and
favored specific spatial orientation.

We isolated a single population of ASCs, which may be
aggregated and induced to transdifferentiate in vitro, obtain-
ing a specific three-dimensional organization and pheno-
type resembling a dental bud. This result was obtained
without using any kind of structural matrix or scaffold to
guide the process. The major achievement of our experi-
mental approach is that our ASC aggregates reproduced in
vitro the epithelial-mesenchymal interactions occurring in
vivo and showed a three-dimensional structure comprising
an intermediate structure similar to a basement membrane.
Epithelial-mesenchymal interactions are the hallmark of
tooth development and are involved in many other organ
morphogenetic processes. These complicated, sequential,
reciprocal interactions are mediated by the spatiotemporal
expression of tooth-related genes (approximately 300) and
by the secretion of growth and transcription factors (approx-
imately 100) that are reiteratively used in regulatory loops
(Figure 1).62 An important protein involved in dental mor-
phogenesis regulation is BMP-4. It has been suggested that
BMP-4 acts antagonistically to FGF-8 to produce localized
sites of neural crest–derived mesenchyme that express
PAX-9 and specify where teeth will develop.63,64 It was also
reported that during early dental bud stage organogenesis,
epithelial BMP-4 (via MSX-1) induces the production of
mesenchymal BMP-4, whereas epithelial FGF-8 induces
mesenchymal activin�A. The epithelial cells, under the in-
fluence of BMP-4 and activin�A, start proliferating and in-
trude within the mesenchyme in a cylinderlike structure with
a bulblike bud at the end; then in late bud stage, PAX-9
expression is necessary for mesenchymal condensation as
a consequence of ectomesenchymal cells proliferation and
accumulation around each epithelial bud.3 Our studies try
to recreate an in vitro simplified model of dental develop-
ment and at the same time provide a convenient tool that
may be used to better understand reciprocal exchange of
signals between epithelial and mesenchymal germ layers.
Furthermore, the present study could overcome the previ-

ous limitations and shortcomings in the field by providing a
single cell type isolated from human adult adipose tissue,
which may differentiate into dental bud-like aggregates and
possibly could be terminally induced in vivo into the host
alveolus to provide a dental regenerative therapy.
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